It has been known for a long time that the electrical resistance of bismuth, and more particularly the temperature coefficient of resistance, depends to a great extent on the purity of the sample, but the earlier results are not consistent.* In particular it was known that small traces of tin, and possibly also of lead, could make the temperature coefficient at room temperature less than zero,f and also that some samples of commercial bismuth showed a negative temperature coefficient at low temperatures.^ Since a negative temperature coefficient has hitherto been thought to be a distinguishing feature of electronic semiconductors, it seemed desirable that the matter should be investigated in more detail. The results already obtained have shown that the phenomena are much more complex than was at first thought, this complexity being quite adequate to explain the discordant results of the earlier workers.
1 mm square section, and about 3 cm long, using an apparatus essentially similar to that described by Schubnikow.* The specimen was next grown into a single crystal by a modification of one of Kapitza s methods'!' whereby the process could be carried out vacuo to prevent oxidation. Bismuth crystallizes with hexagonal symmetry, and by using a seed, crystals could be grown with any desired orientation. Now the resistance in a direction making an angle a with the principal axis in such a crystal is given by the Voigt-Thomson lawj p" = pi, cos 2a + Pi sin 2a,
where pM and px are respectively the resistances parallel and perpendicular to the principal axis. Thus
= sin 2a (p ±-p"). a«
If a = 0 or tc/2 this vanishes, and thus small errors in the value of a near these limiting positions have little effect on the value of p". For example, for pure bismuth, for which pn=138x 10~8, and p1= 109 x 10~ft ohm-cm at 20° C, an error of as much as 10° in a gives the values (p10 = 109*9) and (p80 = 137*2) which are incorrect by less than 1%. In consequence of this the orientation of the specimen could be determined with sufficient accuracy from the direction of the main cleavage plane, which is perpendicular to the principal axis.
The resistances were measured by passing a current of 100 milliamps through the specimen, or, more usually, through six specimens in series, and measuring the potential drop along a known length by means of a potentiometer. The potential leads were gauge 40 copper wire, and were fastened into position by touching them on to the bismuth rod with a potential of 22 volts between the two, and a ballast resistance of about 10 ohms in the circuit. In order to determine the specific resistances, the average diameter of the specimen was found by weighing a known length of it, and assuming 9*78 as the density of all the alloys.
Measurements were made over a temperature range from 14 to 450° A. For the higher temperatures a bath of transformer oil was used, electrically heated by means of an immersed coil, while lower ranges were covered by acetone with C 0 2 snow, and by liquid ethylene, oxygen and hydrogen boiling under reduced pressures. All temperatures were measured by a thermocouple in the liquid bath. The resistance was always measured twice, once with the current flowing in either direction through the speci men. If the two results were not the same, it indicated that the two thermo E.M.F.s at the junctions of the potential leads with the specimen were not equal, and thus that there was a temperature gradient along the speci men. This provided a very sensitive test for the uniformity of the temperature in the liquid bath.
The alloys were compounded by direct weighing, or sometimes, in the more extreme dilutions, by making a parent alloy of known con centration, and diluting with more bismuth. They were melted up in a small pyrex bulb, which could then be evacuated and sealed off. In this way oxidation and loss of the more volatile impurities was prevented, and also the melt could be vigorously shaken to ensure uniform mixing. In default of any satisfactory chemical method of estimating amounts of lead and tin of the order of 0*1% in bismuth, when the whole specimen weighed only about 300 mg, it was assumed that the final composition corresponded to that put into the original melt. The results obtained from specimens that had been melted, cast, or crystallized more than once were consistent with the rest, thus seeming to justify this assumption. It was found that the resistance could be measured to 0-2% and that the results could be repeated to this accuracy. The absolute values of the specific resistances, on the other hand, are only reliable to about 2%, or for a specimen of very irregular shape the error may be more than this. The least accurate figures are those giving the composition of the alloys, but even here ± 5% would probably cover the experimental error.
R esults
Figs. 1 and 2 show a selection of the results obtained for the variation with temperature of the specific resistance of bismuth-lead alloys, respec tively parallel and perpendicular to the principal axis. The lowest curves those for pure bismuth, are copied from a paper of Schubnikov and de Haas* and represent the resistance of the purest bismuth they were able to obtain after repeated recrystallizations. Since the paper gives only relative values of the resistance, the graphs have been adjusted to pass through the points T = 293° A, p" = 138 x 10~6, px = 109 x 10~6, the usually accepted values for pure bismuth. It will be seen that quite small amounts of lead produce an alloy with a large negative tempera ture coefficient of resistance parallel to the principal axis, and that the effect is much less marked in the other direction. Since lead is quite a common impurity in commercial bismuth, this in itself is sufficient to explain the results of the earlier investigators, and the divergences between them. Similar results were also obtained with the bismuthgermanium alloys, fig. 3 , and with bismuth-tin alloys, fig. 4 . In the former alloys the results have not been consistently repeatable, and consequently the concentrations corresponding to the various curves are not given. It is believed that this is due to the difficulty of obtaining a homogeneous parent alloy, owing to the higher melting point of the germanium metal (958° C ): the point is being reinvestigated. It will be observed that for equal atomic percentages the disturbance caused by the insertion of tin atoms is several times larger than that caused by lead atoms. It is difficult to give a quantitative statement, but we may note that the least amount required to produce an alloy which shall, at some temperature, have a negative temperature coefficient, is about 0*1% of lead, and about 0-03% of tin. One possible explanation of these results which must be eliminated is that they are due to some change in the crystalline state of the material, or a precipitation of another phase out of the solid solution. The former is rendered improbable by the observation that the Voigt-Thomson law (equation (1)) is obeyed throughout the temperature range in which the anomaly is most marked. This was checked for six crystals of identical composition (Bi + 1 % Sn) but differing orientations, and found to be true within the limits of experimental error. But more conclusive is the fact that it was not possible to detect time-lag between temperature and resistance, nor any difference between resistances measured on heating and on cooling. In fact, during some later observations on a bismuthantimony alloy which showed a similar maximum resistance at about 60° abs, the temperature, owing to a fault in the apparatus, happened to fluctuate over a degree or so in the neighbourhood of this value, with a " period " of about half a minute. It was observed that the resistance fluctuations followed those of the thermocouple in detail, indicating that whatever change was occurring took place almost instantaneously. This, at a temperature of 60° abs, seems definitely to exclude all possi-. bility of a phase change of any ordinary type.
The next results refer to bismuth-selenium alloys, and are shown in figs. 5 and 6. The bismuth-tellurium system was also investigated, but as the resistance-temperature curves are essentially similar to the above, they are not reproduced in detail, but merely summarized in fig. 8 . As will be seen at a glance, the effect on the resistance is quite different from that of the lead-tin group of impurities. There is no negative temperature [gs.
5 and 6-Resistivity-temperature relations for bismuth-selenium alloys, respectively parallel, fig. 5, and perpendicular, fig. 6 , to the principal axis. In fig. 6 the origin is shifted upwards 10
x 10-6 ohm-cm for each curve to avoid confusion. The two curves for pure Bi, fig. 6 , represent Schubnikov's results (lower) and those obtained in this investigation (upper).
coefficient, and the addition of the first traces of the impurity actually decreases the specific resistance, the change again being more marked in conduction parallel to the principal axis. This ceases to hold at suffici ently low temperatures, when the " Restwiderstand ", which must be increased by the addition of impurities, becomes the more important part of the total resistance. As before, we note that one element is more effective than the other in producing the change; for example, 0 ,05% of differences and similarities are well brought out by figs. 7 and 8 in which the specific resistances at arbitrarily chosen temperatures are plotted against atomic per cent of impurity for the four alloys studied in most detail.* Finally, fig. 9 represents a few curves obtained with other * In addition to the main cleavage plane (111), bismuth also possesses three imperfect cleavage planes (111), etc. Now it is much easier to grow a bismuth crystal with its axis inclined to the axis of the rod than parallel to it, and in consequence it some times happens that when the seed is placed in the latter orientation, owing no doubt to some twinning process, the resulting specimen has one of the imperfect cleavage planes perpendicular to its length. This means that a as defined above is approxi mately 70°. By taking the resistance of such a twinned crystal as px we introduce impurities. There is an indication of the same kind of effect as is pro duced by lead and tin in every impurity except that of silver, which is believed not to be soluble in the bismuth lattice.* Antimony, which is isomorphous with bismuth, is particularly interesting, and further work is being done on this. 
D iscussio n
It seems opportune at this juncture to add one or two remarks on the bearing of these results on the phase diagrams of the binary alloy systems involved. These are not all known with certainty, and in particular the an error o f 12% of the difference (pn -px). In pure Bi this amounts to only 3% of Pj_, while for the Bi-Se and Bi-Te alloys it is always less than this amount. For this reason, and in fig. 8 addition of more impurity atoms into solid solution decreases the resistance, it is reasonable to expect that once we pass into the mixed crystal region, the resistance will begin to rise again, the minimum in the curve giving the solubility limit. This is the behaviour actually found. It will be observed in addition, that the two resistances pM and px tend to equality at the minimum. Whether or not this is merely fortuitous cannot at present be decided; but it follows that at higher concentra tions of impurity, when-if our hypothesis is correct-the metal consists of mixed crystals of the saturated phase and some other, then the resistance will be independent of orientation. All the experimental points do actually lie on one curve, within the limits of error. It is doubtful whether it will be possible to grow a single crystal in this region, or whether the small amounts of the foreign phase present will preclude it. None of the specimens cleaved very easily, and some, when etched with nitric acid and examined in parallel light, were seen to consist of at least two regions differently orientated, while others by this rather rough test appeared to be single. But it matters little for resistance measurements whether the crystal is strictly single or not. If this interpretation of the results be correct, then the limit of the solid solution phase lies at 0 1-0*2% (atomic) of Te, and 1% (atomic) of Se. It is natural to attempt some correlation of these results with those of Goetz and Focke,* who have measured the diamagnetic susceptibilities of the same alloys. The comparison can be qualitative only, and con fined to vague generalities, since Goetz!s account of the susceptibility variations is much more complex than the resistance changes here described. The following conclusions are, however, common to both sets of data.
(1) Lead and tin, dissolved in the bismuth lattice, produce similar effects; but a given concentration of tin produces a disturbance several times (-3) as large as the same number of lead atoms. Germanium is also soluble in bismuth, and acts qualitatively in the same way as lead and tin.
(2) Selenium and tellurium dissolve in the bismuth lattice, and produce similar effects, but tellurium is more efficacious than selenium by a factor of several times (-9).
(3) In general, other things being equal, members of the first (electro positive) group of impurities produce effects of the opposite sign to those of the second (electronegative) group. At the present state of the theory, and bearing in mind the accuracy of the experimental data, there seems little point in pursuing the comparison into more detail. The above is sufficient to indicate that the two sets of phenomena are closely related to one another. On the other hand the following point of differ ence emerges.
(4) None of the resistance measurements shows any singularity at or near the allotropic change point, which is alleged to exist at 75° C, and for which Goetz found some evidence in his results. Schulze* has made careful measurements of the resistance of pure bismuth around this temperature with the same negative result.
Though the processes involved are much too complicated to yield to any simple theory, the essential nature of the effect may perhaps be understood in the light of the theory of bismuth due to Jones.t Bismuth has a Brillouin zone containing just five electrons; this is nearly full, so that the conductivity is due to a few vacant places (positive holes) in this zone, and to electrons overlapping into the next zone. The number of overlapping electrons is abnormally small for bismuth, which accounts for its poor conductivity and other properties. It is thus clear that the electrical properties will be very sensitive to small changes in the number of free electrons in the metal, such as can be produced by dissolving in bismuth small quantities of atoms of different valency. Pb, Sn, or Ge would decrease the number of overlapping electrons and increase the number of holes; Te and Se would increase the number of electrons and decrease the number of holes. It is thus satisfactory that Pb and Se tend to have opposite effects, as figs. 1, 2, and 5, 6 show.
Jones ( l o c. cit.) has suggested that, owing to the addition of Pb or Sn, the number of overlapping electrons becomes very small but increases rapidly with temperature, as in an electronic semi-conductor according to Wilson's theory. It is possible that in a certain temperature range the increase in the number of electrons would counterbalance the increasing scattering due to thermal oscillation of the atoms, and the resistance would fall. This explanation presupposes that the positive holes are not important for the conductivity parallel to the principal axis. If this is so, Te and Se, which increase the number of overlapping electrons, would, neglecting the " Restwiderstand ", decrease the resistance and could not lead to a negative temperature coefficient.
In conclusion, my best thanks are due to the Department of Scientific and Industrial Research for the grant which rendered this work possible, to Dr. H. Jones for suggesting the problem to me, and to Dr. L. C. Jackson for his invaluable assistance with the low temperature technique.
Summary
The electrical resistance of single crystals of bismuth containing small amounts of Pb, Sn, Ge, Se, Te, and other elements has been measured Radiation from Helium Atoms 123 over a temperature range from 14-400° abs. The three first-named elements dissolve in the Bi lattice and produce an alloy which has a large negative temperature coefficient of resistance parallel to the principal axis of the crystal. Perpendicular to the axis the effect is similar but less marked. Se and Te both dissolve in Bi, thereby reducing its specific resistance, both parallel and perpendicular to the axis, except at low temperatures. There is no negative temperature coefficient. A qualita tive explanation of these results is suggested on the basis of Jones's theory of bismuth. 
I n t r o d u c t io n
The production of ionization and radiation by collision of relatively slow positive ions with neutral atoms constitutes a less completely explored field of investigation than that of the absorption of ions by scattering, neutralization, and retardation. Many of the apparent discrepancies among the earlier results of investigations of the disappearance of ions from a beam on passing through a gas have now been reconciled by an appreciation of the important part played by the geometry of the apparatus, but as regards the production of ionization and radiation by slow positive ions many of the results are still somewhat conflicting.* Investigations of this problem are beset with difficulties because of the relative inefficiency of the process and the necessity of eliminating the effects of other pro cesses of a comparable order of magnitude.
Experiments on the ionization of the rare gases by alkali metal positive ions, some of which include the ionization of helium by K + ions, have
